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INR0DUCT ION 
In this project it was required to find a means of 
detecting the presence of small concentrations of sodium in 
an enclosure at 4000 C filled with helium to somewhat above 
atmospheriC pressure. The facilities for access to the 
enclosure were stipulated to be very restricted, and, ideally, 
would consist of only electrical lead-througha. 
Spectroscopic methods of detecting sodium are very 
sensitive, and the line spectra of helium and sodium can be 
distinguished easily. This method was eliminated by the 
high tenoratuie of the enclosure. The difficulties 
resulting from oporating C speotroretcr or using a light 
pipe at this temprature seemed to make the method impractical. 
Chemical detection of the sodium was eliminated 
because of the general difficulty of providing sampling 
facilities and because of the time required to make the 
analysis • The build up of sodium to an unacceptably high 
concentration might take place in lees than 30 minutes. 
The enclosure was subjected to a high level of 
radioactivity. This fact appeared to make impossible the 
detection of sodium by radioactive "tracing" because of the 
high background level existing in the enclosure. 
rAl 
Nuclear magnetic resonance was considered. While 
offering some promise theoretically, it seemed likely 
that the method would be impractical on account of the 
temperature that components such as magnets would be 
required to wthstand. It also appeared that the system 
would have to be pumped for satisfactory operation. This 
requirement was undesirable. 
Electrical conductivity and breakdown measurements are 
not subject to the same objections as all the preceding 
methods • Only electrical lead-throughe need be provided as 
access into the enclosure. The relatively simple apparatus 
required can be designed to withstand 400 C quite readily. 
There was reasonable possibility of evolving a device 
operating at the ambient helium pressure, thus avoiding the 
complexities of sampling ad pumping. 
It was decided to investigate the conductivity of sodium-
seeded helium at temperatures above 15000  C. Because of the 
relative simplicity of additional apparatus required, the 




Subject Literature and Preliminary Assessment 
A considerable amount of work has been done on high 
conductivity in rare gases directed towards M.H.D. Some of 
this is aummri.ed to assess the various methods of approach 
possible, e.go equilibrium or non equilibrium ionisation* 
Preliminary calculations give approximate conductivities for 
the seeded and unseeded gases. 
1.19 General Survey 
The study of hot alkali-seeded gases has been 
accelerated by the need to provide a highly-conducting 
working fluid for M.H.D. generators. Some M.HDo generators, 
operating at temperatures well over 20000  C. and burning 
fossil fuels, rely on thermal ionization of the combustion 
products to obtain the requisite conducting working fluid. 
It is desirable, however, to operate at lower temperatures. 
The large conductivity of inert gas/alkali metal vapour 
discharges at about 9000 C has been reported by Ralph' 
saicunt aia,  (40) Kerrebrook, 4  Armstrong(42)  and Ellington* 
These workers used potassium-seeded argon in general. The 
very low thermal ionization of the gas and seed at this 
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temperature as predicted by Sahaln 4E ouation is augmented 
by electron collision ionitioi of the ecc, W2ich has a 
lew Innisatton petentta.. TtIc 	©f ioniation results 
In a non-equilibrium state between the cloctros and gas 
moleculos. The electrons nay be said to be at a hther 
teiVorattwe than the gaso Zerre -brockpostulates that the 
degree of tonisat ion may be predicted by using the electron 
temperature rather than the gas temperature in Saha's equation* 
Monti and Wapolitano (45 ) propose an amended form of the Sha 
equat on in vhieh both electron and gas temperature are 
present, but the Important exponential term employs the 
electron teperate as in Kerrerock'e theor7o 
Eallun has an electron c. ilisioncross-section of about 
(4) 6 £ 	at on onerey of 0.2eV 	wuioh Is 10 tos as large 
as the cross-eation of arson* Voreover the ionization 
potential of sodium is 5914 V while that of potassium is 
4.34 V. Both these comparisons indicate a much lower level 
of electron collision Ionisation in the helium/sodium 
mixture. The results of allington (f,30 47 ' support this view. 
It was decided, there e, not to roly on non-
equilibrium ionisation, but to attempt to oauee thermal 
ionisation of the impurity" atoms,, i.e • the sodium atoms 
aeting as a seed In the helium. 
To determine the sensitivity of the method it was 
necessary to eamir the conductivity of both pure and 
seeded helium at a temperature sufficient to cause thermal 
ionisation of the sodium. 
3.2. Preliminary Calculations 
Conductivities in helium seeded with 0.35 Tori' of sodium, 
and in pure helium, heated to 20000  K were calculated. 
19291. Seeded Conduotiviy 
Jhon electrons are freely available from a cathode in 
contact viith a confteting gas, Lin, Resler and Kantrowitz (48) 
give the electrical conductivity cr as 
0 
= 11e e2  e  
111 5V 
WbO ne , m8  and ' are the electronic density, mass, 
and random velocity respectively. 
The electron mean frec path e doponau on the collision 
cross-sections and number densities of the species present 
in the gas 
Ut 
1 
Xe  - (1.2) rig 8g + na + flag + 
where the subscripts 	 denote the species 
gas atom, gas ion, sodium atom and sodium ion respectively. 
The degree of thermal ionization x can be calculated 
by Sbha'a equation (49) which can be written, for x <c 1 
eV L 
2 	'24Ox1O X = 	 - ) T e - kT P   
where V1 18 the ionization potential of the species. 
where p is the partial pressure of seed in Torre 
where TG is the gas temperature in OKe 
Sahe.'s equation is plotted in Fig. 1. At 20000  It, for an 
ionization potential of 5914 volts, the ionization fraction 
x is 7 x io, for a seed pressure oZ I Torre For an 
Ionization potential of 24 volts, x is bf the order of 
lO", under similar  oondit ions. Thus the thermal ionization 
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The conditions assumed in the device were that the 
helium-sodium mixture would be at a bac1grouM temperature 
of 7000 K and a pressure of about 1103 Tori', while the gas 
mixture in the intereleotrode gap was at 2000 0  K. The 
part ia1'eesure of sodium at 7000  K is 0.35 Tori'. 
The number densities of holium and sodium, !1g  and ns. 
o givon by Losobmitt'e 	
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ber, 2.68 x 10 gas molecules 
per cm at N.T.?. 
Consider helium gas at a pressure of 1000 Tori' seeded 
with sodium in the ratio 1 to 10 	(by numbers of atoms), at 
a tarTarnture of 20000 K. 
The number don.tioo of tho opea2.es cro Given by the 
'Sao  
flg = 1000 z 273 z 2.39 a 10 a 53 10 18 om 
760 2000 
Similarly ns : 5.3 x 1013  om 
Soha'c equation gives x p = 10(Torr)+ at Tr,  = 2050 °K 
The partial pressure of sodium P Z 10 -2 Tori' 
.. The Ionisation fraction X = 10 




Cross sectiofls of the specics involved are not known 
very accrato17 in the energy range of interest (0.2 to 0.3eV). 
Values of ag = 0 x 10 	am" 
as 2 250 x 10 16  cm2 
1500 x 10 6  on2 
3 
	
(53, 43 0 46) 	 + 
were a3suTd 	 with an ost1mae accuracy o - 25. 
The cross section Of the ions, a 3 1 , to rcio accurate. 
Total cross sections for the gas mixture undor 
consideration can be calculated. 
ng ag z 302 x iO CM71  
n3 a 	-1.3 om 
e as  = 8 X 10-3 CI11 
It is clear that the contribution of the sodium atoms 
and ions to the effective cross section for electron 
collisions is negligible. 
Thus 
= 1 	= 3x10 4 cm e 	flg8g 
The random velocity of the electrons, V, may be 
determined by assuming thermal equilibrium of the electrons 
with the gase 
f in V2 = kTG() 	 - (1.4) 
NJ 




=8 kfT G 
am - (1.5) 
•.. V 2 3.8 x 107 cm see when TG 2050 0  K. 
Substituting in equation (1.1.) 
1,2 x 10 mho ca .1 
1.2.2. Unseeded Conductivity 
The conductivity of pure, unseeded helium between 
heated plane electrodes was calculated, assuming, from Seha's 
equation, that thermal ionisation between the electrodes was 
negligible. For this case, Ivey (23) gives the current 
density T 
V 2 
J = 10 	/.L -- (A cm-') 	 - (1.6) 
-1 
where h Is the electron mobility in helium in em 2 V' see 
10 
Va Is the voltage across the electrodes 
d is the distance between the electrodes in cm,* 
when it Isasaumed that space cbarge limited conditions exist 
between the electrodes and the mobility is constant. 
Von Engel (57) gives If for electrons In helium as 
1060*2 V' 3. 	at 1 Tcrr, where the pressure is a measure 
of gas density* 	Assuming a density of the hot gas equivalent 
to 3.00 Torrat3000 K, In our case it 2 V 
Wl '.3. see 
	a 
a p.asiaisttcal].y bi&i figur.. 
Taking valuec Va = 10 V and & 1 cm. 
J W 10 A cm. 
Cy1in*ical geometry night lead to a magnification of 
this current by a factor of 10 (see Chapter 4). Assuming an 
electrode area of 1 cmi2 ,p the current passed by the pure gas 
at 10 V was expected to be of the order of aicroamps. The 
current expected through the seeded gas at 10 V was of** 
order of 1 in A at gas temperature 20000 K and seed pressure 
Torre 
1.5 • Literature on ESMilibrium Ionization Piasmag 
Most of the work In seeded gases already referred to, 
was directed towards M.E.D. applications and so was concerned 
with ourrerts of the order of several amps. The electrode 
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temperatures were generally about 1000 0 K to 12000  K. 
Thormionic emission of this magnitude from the electrodes, 
usually stainless steel cr tungsten, would be impossible 
unless the work function was lowered by some means, such as 
alkali coating of the electrodes. This coating effect is 
postulated by most of the wcrkers mentioned above. The 
coating does not appear to occur if the electrodes are 
above 1500 0  K. Some of the earliest experiments on this 
are reported by Langmuir and Kingdon(50). 
This coating effect would seem to be undesirable in 
a detecting device, where the concentration of impurity was 
of importance. A slow accumulation of coating could lead 
to an integration effect which would result in a falsely high 
indication. A conventional metal electrode heated to normal 
emitting temperatures, which would allow no sodium layer to 
build up, was regarded as preferable. 
Sakuntala, in addition to work on the high current mode 
of potassium-seeded argon, 40 investigated the conductivity 
of the gas at lower currents of the order of mA.(51)  She was 
mainly concerned with the meehanisme leading to breakdown. 
However Salcuntala did show that currents up to a few mA 
flowed under an applied 10 or 20 V, before breakdown occurred. 
The apparatus had stainless steel electrodes in equilibrium 
with the seeded gas heated to between 1000 and 1200 0 K. 
The electrode emission must have depended, therefore, on an 
alkali layer on the stainless-steel. 
In the sane apratue, filled with pure argon, Sakuntala 
obtained currents of 10
-2 
 to 1 .ZA at 1100 K and up to 
40 volts. It was claimed that this drop in current on 
removal of the potassium seed showed the contribution of 
potaestm ions to to conductivity. It is not clear how the 
supply of electrons was maintained from the electrodes in 
sufficient numbers to make this a true teat • If an alkali 
coating was left on the electrodes, there would seem to be 
likelihood of a seeding effect still occurring. The 
temperatures employed were too low for significant thermionic 
emission off pure stainless steel. 
Langmuir (50 #  52) has done much work on thermionic 
behaviour of heated filaments in alkali vapours. He 
generally used cesium vapour. Cesium can be ionised at the 
surface of a hot tungsten filament because the work function 
or electron affinity of the tungsten is 4.5 V while the 
ionising potential of cesium is 3.9 V. This mechanism is 
certainly not possible for sodium. 
The alkali vapours in Langmuir's experiments were at 
low pressure - typically 10-5  Torre The mean free path of 
the cesium atoms was so large that relatively few collisions 
took place in 12 gas compared to the number at electrodes 
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and walls. Ionization was regarded as a surface phenomenon 
rather than one taking place in the vapour. 
Forman (27) studied conduction and breakdown in rare 
gases at up to 300 Tori' pressure. His apparatus consisted 
of hot wire filaments inside glass tubes prepared to ultra-
high vacuum standards • Thus no question of contamination 
should arise. He found that helium showed no breakdown at 
applied voltages up to 30 V. The V/I characteristics in 
260 Tori' of helium with filament temperature between 24000  K 
and 30000 K showed space charge limitation with conductance 
of the order of 10 l15  to io6  naio cm 1 . 
In the case of argon and xenon, Forman found higher 
conductance through the gases • Breakdown occurred when the 
applied voltage approximately equalled the ionization 
potential of the gas. The thermal ionisation of appreciable 
numbers of rare gas atoms (their ionieation potentials being 
lower than that of helium) was considered by Forman to 
contribute to this large conductance and breakdown. 
Forman also stud the V/I characteristics of irradiated 
gas diodes t' 3 6 ) His results will be more fu&ly discussed 
in Chapter 4. Forman believed that ion pairs were formed in 
the gas by secondary electrons released from the glass 
envelope by the primary radiation. The conduction through 
1.6 
the diodes vas, in general,, much oanced, conductivities 
of lO 	io =71 being obtained for applied voltages up to 
3V. 
rarrie (37038) examined cesium- and potassium-seeded 
argon plasmas near thermal equilibrium at temperatures 
ranging from 16000  K to 20000  K. With seeding pressures as 
low as 0.1 Tarr be found very high conductivities of the order 
of 100 mho cm for cesium seeding* His apparatus was 
relatively complex with an electric oven, round the electrodes, 
and sintered copper mixing section, where the concentration of 
seed was accurately controlled. Thus his results are likely 
to be accurate, and indicate that thermal ionisation is quite 
practical, at least, in the favourable cases of cesium and 
potassium, with their low ionisation potentials, and argon 
viith its low electronic collision cross-section. 
8) George ( '° reports enhanced conduction in helium and argon 
heated to temperatures in the range 15000  K to 2500 K. He 
finds conductivities of the order of 10 2  mho cm at 20000 K 
in helium at a pressure of 1.6 atmospheres. However in a later 
paper,, (29)  George identifies impurities such as Ca, Ba s Cr 
in the gas, by spectroscopic means. His apparatus used coaxial 
graphite electrodes to heat the gas. Impurities released from 
thorn seem to have acted as a seed in the rare gas. George's 
experiment emphasise the need for high purity in any test cell 
when evaluating the "seeded" gas conductivity method as a means 




The requirements of any test-cell to examine the 
conductivity of seeded helium are set out. In the light of 
these, suitable materials are considered. The test cell is 
designed and its construction described. Subsequent difficulties 
and modifications to overcome these complete the description of 
the test-cell. The vacuum system and gas filling apparatus 
are described and assessed. The chapter is completed with a 
description of the sodium filling method used. 
So',. . Yeoign Requirements 
In this experiment a prti pressure of up to one Tory of 
sodium vapour was required in a "background" of helium. 
Providing a dynamic flow of diluent gas and seed through the 
test cell after external mixing and heating is complex and 
costly. A system using the variation of saturated vapour 
pressure of sodium with temperature is used instead. Saturated 
vapour pressure curves show that a background temperature of 
not more than 4500  C provides over 1 torr partial pressure of 
sodium. Thus an enclosure containing helium at one atmosphere 
and a pellet of pure sodium, maintained at 4000  C was required. 
The enclosure also required electrodes for conductivity 
measurements. These electrodes were to supply the electrons 
necessary for current measuronnts through the gas. 
The volume between the electrodes was to be filled with a 
sample of the helium-sodium mixture, heated to partially ionize 
the sodium. Seha' a equation gives 1 in 103 sodium atoms ionizod 
at 20000  K or 1700° C. This ionization fraction produces, In 
preliminary calculations (see Cli. 1), a suitable margin of 
enhanced conductivity. It was decided, therefore, to aim at 
20000 K as a value for the gas temperature between the 
electrodes. 
It seemed possible to combine the functions of thermionic 
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cathode and gas heater, thus leading to great simplification in 
design and construction. This would entail a very high 
temperature cathode consuming a lot of power in order to heat the 
gas. Since the power would have to be fed into the enclosure to 
heat the gas in any "static gas" apparatus, however, this 
objection is partly nullified. 
Despite the high temperatures involved, a high level of 
cleanliness inside the test-cell is necessary; the level of 
seeding concentration is of the order of 1 in lO or less. It 
seemed desirable to keep any impurity level below 1 in 104 of the 
sodium concentration. This meant that ordinary high vacuum 
technique should be adequate in cleaning and preparing the test 
cell. 
Stopcock grease and diffusion pump oils are very undesirable 
as impurities on account of their high collision cross-sections 
and energy loss-factors, and because of their influence in 
changing work-functions on surfaces contaminated by theni. Either 
all-metal bakeable valves together with metal wire seals, or 
glass, with its ability to be sealed off by fusing, must be used 
to avoid this. 
It is important to determine the temperature of the 
electrodes exactly, both as a guide to their thermionic emission 
and as an indication of gas temperature. This 18 usually done 
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by rnecnE of an optical pyrometer and brightness measurements 
on the filament. If the walls of the test cell are not 
transparent, or if the test cell is enclosed in an oven at 
4000 C another method such as a thermocouple must be used. 
2.2* Design of ¶i!est Cell 
The materials considered were stainless steel, borosilicate 
glass, and quart. 
2.2.1. Stainless Steel 
Stainless steel is mechanically strong and resistant to 
both thermal and mechanical shock. It has a reasonably good 
vacuum performance, even at 4000 C if very well baked out 
beforehand. Special grades of stainless steel resistant to 
corrosion do exist. Use of a pyrometer would require a window 
through the stainless steel with all the consequent problems of 
sealing over a large temperature range. If the test cell were 
to be demountable, it would be necessary to use compression wire 
seals. In practice, it was found that the test cell had to be 
demounted quite frequently. 
Probably the most suitable stainless steel to use would be 
the austenitic high corrosion-resistant type 18/8/1. However 
even this would seem to be subject to attack by alkali metals. 
Ellington (2)remarks on the formation of a green encrustation 
OI 	 3toQl Q1OCtOdOS in cn are diochargo in a u1ir.i1i 
scoded atmosphere. 
2.2.2. Borosilicate Glass 
A hard borcilicato g1ts In-as good Vcouun pofornco, 
even up to 4000  C, when thoroughly baked out. A glass 
envelope is, of course, ideal for the use of an optical 
pyroister. Tungsten lead througha can be sealed directly into 
the glass. 
The electrical insulation of the glass was assessed. 
Volume 	 about 1016  ohm cm. at 00  C 
and as 1O7 ohm cm. at 4000  C. The load-throughe are assumed 
cm. apart at the mid-points of opposite sides of a square of 
the glass (of thickness 0.2 or.). Thus area of cross section 
A • 0.2 e eq. c. 
..leakao resistance - pe 
A 
= 5 p 
: 5 x 10 ohm cm. 
Thus leakage ourrez a were not expected to be larger than 
micro-amps. 
lass is resistant to sodium attack for short exposures. 
Browning of the glass occurs after longer exposures • This 
00 
process is accelerated by heat. Commercial sodium lamps are con-
structed from a conventional glass covered with a flashing of an 
alkali resistant glass. This type of glass is difficult to 
obtain and requires special techniques In the working. 
No evidence could be found that this "reaction" of glass with 
sodium evolved any products which might contaminate the test ecU 
enclosure. The browning of the glass is generally attributed to 
absorption of sodium atoms in colour centres in the glass and the 
process may be a physical rather than chemical absorption. Boro-
silicate glass absorbs about 5 mg. per 1000 hour cm  at 600 0  c 
(11) according to Elyard and Rawson 	• The glass should be free of 
easily reducible oxides such as PbO and ZnO. It is clear that ex-
haustion of the sodium atmosphere by absorption In the glass will 
not take place on the evidence of the above-mentioned rate. 
If aluminoollicate glaas, such as Is used for certain elec-
tron tubes, is readily available, It seems a good choice for con-
struction of the test-cell. It has high sodium resistance (11) 	d 
an electrical resistance at elevated temperatures which surpasses 
that of borosilicate giass(1). It was not available for this pro-
ject, however. It may be difficult to make a satisfactory graded 
seal with tungsten since the coefficient of expansion is markedly 
different from borosilicate g1ass. 
Flyard and RawBon (1)  further show that sodium Is evolved 
from samples of glass previously attacked by sodium, when these 
are raised to 4000  C in a clean atmosphere. A borosilicate test 
cell, therefore, cannot be used for unseeded gas measurement, 
after being exposed to sodium at high temperatures. 
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Teats were carried out with samples of borosilicate glass 
in an atmosphere of sodium. Several hours elapsed under the 
conditions of 4400  C and 1 tox'r pressure of sodium before 
pyrometer readings of a lamp viewed through the sample were 
significantly affected. 
It was found that the working properties of the glass were 
affected detrimentally when the glass was exposed to sodium 
attack. A layer of fine surface cracks was formed on the glass. 
When heated gently in an oxy/coalgas flame to the softening 
point, the glass shattered instead of reaching the plastic 
state which enables glass to be worked. The glass behaved as 
if it had a thin skin under severe tension. 
The ease with which a glass enclosure can be sealed off is 
a very useful feature. For maximum cleanliness, the area which 
it is proposed to fuse should be preheated under vacuum to as 
high a temperature as feasible, ideally 5000  C to 5500  C. 
However, the effect of sodium attack on the working properties of 
glass reduces this advantage somewhat. If glass were used the 
limitation would have to be accepted that once a long sodium run 
was made the tube probably could not be opened and refilled to 
be used again. 
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2.2.3. Permeability of glass to helium 
Hard glass in permeable to helium at a rate proportional to 
the pressure differential between the two sides, as described by 
Dushman 
q:KA P 
where q : vol, of gas in cc at STP per sq. cm* per eec. 
AP : pressure differential in cm. of Hg 
d = thickness of glass in mm. 
at 3200  C K is given by Dushman as 5 x l0 °; assume d = 2 nm. 
If we assume that the worst possible case exists, that of a 
pressure differential of76Dtorr of helium, 
q • 5 x 10 0 x 76 x 3.6 x io cc. per hour per sq. cm. 
2 
= 6 x 10 cc. (at STP) per hour per sq. cm. 
If the test cell is 10 cm. long and 4 cme radius, we have a wall 
area of 200 eq. one 
0% Total volume transmitted 	
".2 
10 cc. (at STP) per hour. 
This amount was considered small enough to neglect. 
2,2.4. Quartz Glass 
Quartz glass might also be considered as a suitable 
material for construction of the test-cell. However it is at 
least 10 times as permeable to helium as borosilicate glass. 
IN 
It seo to bo attacked more severO17 by sodiura at elevated 
iporaturos when tested In the sane way as the borosilicato 
samples It ia much herder to work than borosilicate glass, 
and its high softening point is of no particular advantage 
since the performance of the borosilloate glass (softening 
point 5600 C) Is quite adequate for teperaturos up to 4500 Co 
2.3. ToetColl Construction (Fig. 2 and plates 1 & 2) 
Borosilieste glass was chosen as the basic material of the 
apparatus. The toot cell was made from 	wall borosilicato 
tube of 2 l.d. Its structure is shown in fIgure1 2.1. 
Combined filament sTpports and load-thronglw core rds by 
sealing +o ground tungsten rod through the walls of the tube. 
(a.) These are rated - as capable of carrying .40 amps through glass 
without cracking the glass or beating excessively. The filaments 
were made of tungsten wire. The outer filament was 0.025' 
diameter, the inner 09010" diameter. These were deoxidised by 
boiling in a 15 solution of sodium hypochiorite and rinsed in 
ethanol. The heavy gauge tungsten was formed cold round a 
iandrol Into a coil about 4 mm. internal radius, of 15 turns 
and of length about 1.9 cm • This gave a mark to space ratio of 
closer than 1 to 1. 
Supports fo the f Uano at o tore out fron t ant alura shoot. 
This was cleaned in 20% hot }hCl. solution follcvod by hot 





0 	 sea  
Fig.2.2 0 	 0 
graded 
Tube 2 
outer coil 	2cm. x 0•3crn.diam. , 15' tu.rns of 
0025diain W wre. 	 . 
inner III. 	0010" diam. W wire.' 	 0 	
0 
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chronic-sulphuric acid solution., and a rinse in hot distilled 
water. The supports were designed to give a degree of 
flexibility to accomodate the change in length of the filaments 
when heated. Tantalum was chosen for the supports because it 
romaine flexible when heated, while tungsten becomes brittle. 
The choice of tantalum was also useful because it is comparatively 
easy to spot weld tantalum to tungsten under a flow of nitrogen. 
Tungsten to tungsten welds are invariably brittle and unreliable. 
The filaments and supports were placed in position from 
one of the open ends of the tube and spot welded in position 
using long spot welder electrodes of copper rod. A strong flow 
of nitrogen was directed on each weld as it was made, This 
Improved the strength of the welds, probably due to the 
prevention of oxide formation. 
It was necessary to spot-weld the fine filament to its 
support using thin platinum foil as an intermediate material. 
Unless this was done the filament was so embrittled by the heat 
required for the spot-weld that it always broke at some stage 
after welding. In subsequent service none of the welds appeared 
to be affected by exposure to the sodium vapour, at least on 
visual inspection. The centre filament was then aligned 
relative to the outer coil by bending the tantalum supports. 




for connection to the vacuum and filling apparatus. The flame 
of the sealing torch could be kept away frori the rneta3/glass 
seals, and from the electrode structures inside, during this 
operation, because of the mode of construction and assembly. 
Subsequently it was required to install a thermocouple and 
a radiation shield in the internal structure and it was found 
difficult to install these on test coils of the above pattern. 
A structure resembling the conventional valve structure was then 
used. All the lead-throughe were mounted on a circular base 
about 2" diameter. The tungsten rods projected well clear of the 
base 80 that the electrode structure could be easily assembled 
on to them and spot-welder electrodes could be manoeuvred into 
position. A flame guard of tungsten sheet was slipped over the 
electrode structure. Vlith this in position, a length of 2k" 
diameter hard glass tubing could be sealed on to the base to 
form the envelope of the teat-cell, while the electrode structure 
was protected from the fusing-torch flame. The guard was then 
withdrawn from the teat cell. The envelope was drawn down to 
fit a " diam. glass tube, which was fused into position to 
form a vacuum line. 
2.4. Subsequent Modifications 
Difficulty was encountered initially with the tungsten/glass 
seals. Although appearing satisfactory on initial inspection, 
the seals tended to crack in service s or develop pinhole leaks 
on baking out. It was necessary to mount the seals on side 
arms of the main tube. The seals vere "graded" by making these 
side arms of a glass intermediate in expansion coefficient 
between the glass sealed to the tungsten, and the main body of 
the teat cell. 
It was necessary to anneal the test cell at 5400  0 to 
relieve stresses in the glass walls. An inert atmosphere of 
helium protected the electrode structure while this annealing 
took place. 
2.5. Vacuum System and Gas filling equipment 
A 2" Speedivac oil diffusion pump backed by a single stage 
rotary pump was used. The diffusion pump was filled with 50 cc. 
of Edwards DC 704 high-vacuum fluid. This is claimed to have 
an ultimate pressure of 5 x 10 
-7
Torr. 
The vacuum system (Fig. 5) was all glass except for a 
Laybold high vacuum leak valve type 175 20. Back diffusion of 
oil vapour from the pump and of mrcury vapour from the manomotor 
as provontod by a liquid nitrogen cold trap. The only stopcocks 
in the 3ystoIa besides the variable leak valve woro glass 
stopcocks positioned on the pump side of this cold trap. Thus 
any molecules from the Silicone High Vacuum grease used on these 
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maintained at 4000  C. This was considered to represent an 
adequate degree of purity for the experiments envisaged since 
the ratio of number densities of impurity to seed was still 
1088 than 10 -3 
2.6. Gas Filling 
Helium gas of purity 1 part in 10 was used in the 
experiment • This was passed Into the system after evacuation, 
by means of a leak valve (Leybold High Vacuum type 173 20) and 
Its pressure determined by a mercury column U-tube manometer. 
This manometer was separated, of course, from the test cell and 
the rest of the vacuum system by a cold trap of liquid nitrogen, 
since It was hoped that the partial pressures of any condensible 
gases would be zero. 
When the test cell was operated with a filling of helium, 
evaporation of tungsten to the walls was not cut down as expected 
from the experience of lamp manufacturers and the results of 
Moys(6) and others. However the coating of the walls resembled 
the whitish-blue of tungsten oxides rather than the dark blue of 
pure evaporated tungsten. This indicated the presence of water 
vapour or oxygen in the incoming helium. The solution evolved 
was to leak the entering gas very slowly through a liquid 
nitrogen cold trap. The rate of !low had to be as low as 
1 torr litre per second, vften the system took about 3 hours to 
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reach the required pressure of 500 Tori'. Flushing of the system 
was also carried out by alternate slow filling with helium by 
the above method and pumping down to 	tori'. These measures 
were sucessful in cutting down the attack on the tungsten and 
wall blackening to a quite tolerable level. 
This extremely slow gas filling was found to be essential 
to the success of the experiment. Several different sources of 
gas were tried, but all required a slow leak rate through a cold 
trap, to eliminate oxidation of tungsten. 
2.7. Sodium Dispenser (Fig. 4 
The sodium was supplied by the Atomic Energy Authority in 
hard-glass capsules sealed in an inert atmosphere of pure argon. 
The capsules had been bated out previously to 3000  C under 
vacuum, so that water-vapour released from the heated glass 
during pinch-off was kept to a minimum. The surface of the 
sodium in the capsules appeared bright and urioxidised. 
The capsule to be used in a trial was sealed into a bard 
glass tube A" (fig. 4) joined to the base of the test cell. A 
magnetic stainless steel striker (martensitic grade 431, with good 
corrosion resistance) was controlled in the vertical tube B by an 
external permanent magnet. All glass used here, as in the rest 
of the vacuum system was cleaned in chromic acid, followed by 
rinses in trichiorethylene and iso-propyl alcohol. 
• 	Fig.4 	Na Dispenser 	 • 
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iof ore use the strior was clocked in a mixture of 
byroob1orio and nitric acid, then baked out in a vacuum 
chamber at red heat. 
After the sodium dispenser was assembled to the apparatus, 
the glass ware was baked out in the cycle previously mnt toned. 
Areas whore sealing-off was envisaged wore flaned to a 
toporaturo as close to the softening-point of glass as possible 
during puping. Tho olectrodos wore outgassed near the end of 
the glass bakeout. Both the coil and filament were heated to 
25000  C by passing electric current through thorn. 
Once the pump down was completed as indicated by a return 
to pressures of about 5 x lO Porr the apparatus was cooled, the 
vacuum gies stched off and tho sodium capsule broken by the 
striker tJhon the argon fron the capsule was pumped away, a 
pressure of 5 z 10 6  Torr was regained. The syoten was isolated 
from the vacuum pump and filled to 500 torr with helium as 
measured by the mercury momoter, both cold traps being in 
operation and slow gas filling again adopted. 
It was Immediately obvious that the process had boon 
carried out successfully without arty contamination at this stage. 
If, for examplo, the gas filter cold trap was allowed to run low, 
or omitted, the sodium, now exposed to the helium atmosphere, 
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became covered with a white oxide layer. On other occasions, a 
black skin formed on the sodium surface exposed to the helium. 
This was assumed to be due to the presence of a non-condensible 
Impurity in the helium. However it occurred only in a few 
filling operations. When It occurred, therefore, the experiment 
was restarted with fresh sodium. 
The tube and dispensing apparatus was then drawn off and 
sealed at the neck leading to the vacuum system. It was found 
necessary to preheat this neck and the sealing-off point 
between dispenser and test-cell when initially pumping down. 
Urlesa this was done, the sodium discolored after one or other of 
the sealing operations. 
By gentle heating, tapping and inversion of the teat cell 
and dispenser, a small pellet of the sodium, typically 0.1 c.c., 
was manoeuvred into the test-cell, 
The test-cell was then drawn off and sealed at the neck 
leading to the dispenser. If the sodium still had a bright 
surface, it was assumed that the test-cell had been successfully 
loaded with sodium and 500 Torr of helium. 
2,9. Heating of the gas 
The gas present in the inter-electrode gap must be heated 
to 20000 K. For simplicity of construction the functions of gas 
heater and electron emitter are combined. Tungsten, molybdenum 
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and tantalum are possible pure metal emitters. Tungsten was 
chosen here for its cleanliness in vacuum, availibility and 
well tabulated emission characteristics. 
Langmuir 'a classic papers 
(7) on beat loss from hot 
filaments in gases describe the relative importance of 
convection and conduction. The movement of gas close to a solid 
surface is controlled by viscous forces and the relative 
movement between gas and solid tends towards zero as the surface 
is approached. Langmuir showed that most of the temperature 
drop in the gas occurs 01080 to the filament in the region where 
convection currents are small because of the viscous retardation. 
He showed that the heat loss from the filament could be calculated 
to within a few percent on the assumption that only conduction 
took place in a gas layer round the filament • This Lsngmulr 
sheath thickness B cme can be estimated approximately for a 
plane heated surface in a gas by (8) 
B = 2 X fx 104 cm. 
J1;! 
where X is mean free path of the gas molecules 
M mean molecular weight of gas 
T.ia the absolute temperature of the gas at the outside of the 
Langmuir sheath. 
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Thus for air at room temperature and pressure, if we take 
? * 6.7 x 10 6  cm., ;: 3000 K, LI : 29 0 B : 0.43 cm. 
This is the value found experimentally by Langmufr. 8 
ho mean free path of helium atoms at 1 Tori' and 300 0 K 
Is given by Von Engel as 17.6 x 10 cm. 
Assuming ). a T , the mean free pa1h of helium at 
p 
500 Torr and 300° C (equal to the mean free path at 1160 Tori' 
and 7000 K, the conditions assumed at the edge of the Langniir 
layer) must be 3.5 x 	cia. 
The Sutherland correction (10)  for alteration in atomic 
cross section of gases at high temperatures was neglected. The 
correction would s1i6t1y Increase the value of N. 
Thus B: 2 x 3.5 x 10 	/'6 x 104  cm. 
9.3 cm. 
This value is surprisingly high. 
1hateter the simplifications introduced in this admittedly 
approximate model of the situation, it seemed reasonable to 
suppose that inside a close wouM coil of 0.3 cm. to 0.4 cm 
Internal diameter, Langmuir layer conditions would apply. Thus 
most of the heat wuld be transferred by conduction through the 
helium and convection of cool gas Into the volume enclosed by 
the coil would be relatively unimportant. The stagnant gas would 
be enclosed within high temperature walls and the high heat 
Z4 
conductivity of helium would only serve to reduce temperature 
gradients inside this enclosure, except perhaps at each end of 
the coil. '?hu.a the ratio of coil longth to diameter should be 
large. A reasonably practical value of length was found to be 
2 cm., making this ratio of about 6 to 1. 
It was found that somewhat higher gas temperatures were 
achieved for a given power input if a radiation shield of 
tungsten shoot was mounted cylindrically round the electrodes. 
This modification was introduced in later tubes. The 




The series of experiments required to determine electrode 
and gas temperatures in the test cell are described. The gas 
temperature is only determined to within a range of 110%. The 
v/I characteristics of the test-cell under vacuum, helium 
filling, and sodium filling, both at room temperature and at 
7000  K, are compared to assess the effects of factors such as 
electrical leakage and random impurities. Detailed comparison 
of the characteristics with theory is reserved for chapter 4. 
The method of assessing seed concentration is explained, 
3010 Temperature Measurement 
It Is obviously Important to determine the electrode and 
gas temperatures in the test cell as accurately as possible, due 
to the exponential dependence on temperature of the thermionic 
and ionization processes involved. 
391.1. Apparatus 
An optical pyrometer (Cambridge disappearing filament type) 
was used for temperature measurements of the inner and outer 
filaments via a small hole in the shield enclosing the filament.. 
This pyrometer could not be used when the test cell was in 
service in an oven. 
To provide an indication of filament temperature in this 
condition, a tungstetungsten..rhenium thermocouple was spot-
welded to the outer electrode coil. The readings of this 
thermocouple, when the test-call was at an ambient temperature, 
were calibrated by comparison with the corresponding pyrometer 
readings* The pyrometer readings, with the appropriate 
emissivity corrections described later, were regarded as giving 
the true temperature of the electrode. The corresponding 
thermocouple e .m.f. was regarded as indicating this temperature 
difference between the hot and cold junctions, For a given 
electrode temperature, the thermocouple reading was smaller, 
therefore, when the teat cell was heated in the oven. The cold 
junction of the thermocouple at the tungsten lead-throughe, was 
assumed to be at the oven temperature • The electrode temperature, 
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when the test cell was heated, was taken as the temperature 
indicated by the thermocouple on the calibration chart plus the 
oven temperature. 
It was likely that the effects of heat conduction along the 
thermocouple wires and temperature drop at the point of contact 
of thermocouple and electrode would cause the hot junction to be 
at a lower temperature than the electrode. It was also possible 
that the spot-weld to the electrode had altered the thermo-
electric proportion of the hot junction. In any case the 
calibration of the thermocouple e.iu.fe against pyrometer readings 
avoided those errors. 
An assumption in the above is that the temperature attained 
by the hot junction of the thermocouple was unaffected by the 
ambient temperature of the gas present. However, the 
calibration was unaffected by a change from vacuum to helium 
conditions. Therefore it was assumed that the calibration, 
carried out at a gas ambient of 3000 K was true at an ambient of 
7000 K. The calibration of thermocouple against pyrometer is 
shown in Figure 7. 
3.1.2. Determination of Gas Temperature 
Pyrometer readings of the temperature of the inner filament 
T Vac in vacuum for a given outer filament temperature T o were 
taken. Helium was admitted to a pressure of 500 Tori' and the 
Fiq. 7 	Calibration of The rmocoiiple vs. Pyrometer. 
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tcrnperatre of the inner filement TF Gas was jga8.n determined, 
for the some P • The cmbient temperature of the test cell was 
3000 1. These are shown in Pablo 3.1, columns 2 and 3. 
It was assumed that the inner filament received heat by 
radiation only when the test cell was evacuated and by radiation 
and conduction when the test cell, was gas-filled. Since the 
temperature of the centre filament rose from TV Vac to TF Gas' 
under corresponding conditions of radiation, when helium was 
admitted, the gas temperature P0 attained at all points between 
the electrodes was considered to be greater than TV Gas 
A possible objection to this conclusion might be that this 
rise in temperature of the filament on admission of the gas 
could be due to the beating of filament supports and 
surroundings, by general convection of the heated gas, leading 
to a reduced rate of heat loss from the centre of the filament. 
This process would not require T0 > T Vac  However 
observations of the temperature gradient along the filament 
showed that the temperature profile was considerably flatter in 
vacuum than in gas; (i.e. the end temperatures of the filament 
were cooler with gas present than in vacuum). Therefore 
conduction of heat away from the centre along the filament must 
have been enhanced with gas present. Despite this, the 
temperature at the centre of the filament, rose when gas was 
admitted, from TV Vac  to TV Gas  It was considered that the gas 
F, =- d 
tor-rioraturc) TG v2tr3 wequivoccl1y in the rare To > T > T17 Gaia*  
3*1*59 Corrections to Temperature L7easurements 
Optical pyrometer readings are normally corrected for 
deviation from black-body condit ions of the surroundings of 
the hot object • Usually the surroundings are cooler than the 
hot object and then the brightness temperature indicated by the 
pyrometer is below the true temperature. Surroundings hotter 
than the object result in a brightness temperature higher than 
the true temperature. Surroundings at the same temperature as 
the object give "black body conditions, where the apparent 
emissivity of the object is 1, and then brightness temperature 
equals the true temperature. 
It was considered that optical pyrometer measurements on 
the outer electrode could be corrected by the published tables. (12) 
The centre filament was enclosed by surroundings hotter than 
itself and so was not subject to the seine correction. 
The optical pyrometer moasuremerthe made on the centre filamozt 
In vacuum were compared with the temperature given by current 
measurement and reference to the Jones-Langnzuir tables* (13)  
These tables give the temperature of long-wire filaments in 
vacuum as a function of current passed and diameter of filament. 
It was found that over the range of interest, 16500  K to 24000 K, 
the temperature given by the tables lagged behind the optical 
pyrometer temperature by 730 ± 230 N. Therefore the corrected 
value of Tr. 7,,as was calculated zo (TV Grc; 	73)0 K. Th1J W 
the minimum value of the gas teztiperature. 
As a further cheek on the proetcr a2 
mea8uncL of the inner filenent temperature, obeervatiore 
were cede of the emission eaturated current that could be 
drawn fron the flêfltthifl vacuum. UsinC LLichardson' Ley; 
2 	 A/c!n 
%ithI70/cm2 and 	:4.25v 
the temperature correspondinlB to the saturated emission current 
wcz calculated. These are tabulated in colurnn 6 of sable 3.1, 
uilth the pproprite correction ircludod in each case. They 
agree, in general, very well with the values found from the 
Jones-Langmuir tables, despite uncertainty with regard to active 
emitter area. 
b10 3.1 
Lcvcit 2,nn of c, as T from iter TonpQturo T 
1 2 3 4 5 7 
F Vac Gas Vac Vac Vac 
( °L) (°) (Li) 
100 1620 1750 1660 
2C20 2,700 1820 2.95 1650 1850 
2260 1030 2010 3.50 1840 1940 
2380 2030 2103 3.90 1950 1930 2035 
2 2120 2200 IiS .30 2C0 2130 
2370 2210 2290 4005 2165 2165 2220 
2730 2310 2380 6010 2240 2310 
2810 2350 5030 2205 2300 
2876 2410 2400 5.45 2335 2410 
Eoan8 of Observation 
Column 1: 	Pyronter 
Column 2: 	Pyrometer 
Column 3: 	orto 
Column 5: 	Jones-Lm gniuir Tables from column 4 readings 
Co1uzn 6 	I~hornionic Surciti©n 
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3.2. Conductivity measurements apparatus 
The circuit Used for obtaining V/I characteristics of tbS  
test cell is shown in Fig. ( 5 N1 . The source of d.ce power 
for the external heated electrode was a battery of lead- 
acid accumulators capable of supplying over 25A. The 
electrodes, both filament and coil, were centre tapped by 
100 fi potentiometers for the V/I measurements. 1a11ast 
resistors of 100fl,10 9, and 1 kilobm could be switched into 
circuit to protect the apparatus from short-circuits. 
Potentials up to 60 V could be applied from a series of d.c. 
power packs through a potentiometer circuit • The 
characteristic curves were plotted directly by an X-Y pen 
recorder monitored by accurate instruments for scale setting. 
A change-over switch allowed the inner electrode to be made 
the cathode. 
A 5O/s power supply for the external electrode was 
tried. It was thought that the use of this would aid the 
detection of any spurious conduction caused by filament 
voltage drop duo to the heating current • It was found that 
instability was caused in the circuit by induced currents of 
frequency 50 c/s, 7ibreover the pon recorder was adversely 
affected by the alternating current. Unsteady traces were 
produced. Instead of using relatively complicated circuitry 
to provide isolation, d.ce heating was used. 
-.5 
- bo to coil opu  o dew to a vcuwi of iC To 
and V/I e aeerstios obtained a ovoral outer o1oorodo 
temporaturos. ?hono are shown in M3W 9. 
The vacuum characteriotice provided a useful check on 
the behaviour of the toot, cell, under conditions where the 
phonosna are well understood and the performance of the coil 
is easy- to predict. In particular, the performance of the 
electrodes in providing electrons thorinionically could be 
assessed. Comparison between vacuum and seeded cbaraetorictie 
using electrode teporature as the common parameter Indicated 
whether or not thormionic emission saturation was responsible 
for anj areas of saturation in the seeded characteristic. 
Thernionlo emission saturation in the vacuum characteristic 
was used also to check the temperature of the electrodes as 
described in section 3.1.S. 
By ropeatr. the vacuum V/I characteristic with the test 
coil in the oven raised to an ambient of 700 , the leakage 
through the class walls between tho load-throughe was assessed. 
The leakcco was slightJ7 hither than o:pooted, amounting to a 
maximum additional current flow euporinposed on the vacuum 
characteristic of 20 ,A. at 30 V. This indicates an insulation 
rositanco of better than 1 fl at the working temsraturo of 
the test cell. 
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3.4, Pure Helium Measurements 
V/I characteristics were taken for the test cell filled 
with 500 Torr of helium. These are shown in Figs. Ii. 
Characteristics were taken also at an ambient of 7000 K, to 
provide a direct control comparison with sodium seeded 
characteristics in assessing the contribution of the sodium. 
The importance is emphasised here of the purity required in 
the gas filling of the test cell and of the attention that must 
be paid to bding-out of the test cell beforehand. Relaxation 
of any of the precautions mentioned in chapter 2, especially 
the slow passage of the helium through a cold trap, caused 
heavy oxidation of the tungsten on raising the electrode 
temperature. Blackening of the walls occurred, causing errors 
in pyrometer readings. Needle-shaped dark-blue crystals, 
deposited on the cooler parts of the electrodes, caused shorting 
across the electrode gap. Sample crystals were examined by the 
University Chemistry department; these crystals were shown to 
have a tungsten-oxide compesition. 
3.5. Seeded gas measurements 
When a pure sodium pellet had been successfully transferred 
into the test cell, and the cell refilled with helium to 500 
Torr (see chapter 2), v/I characteristics were taken with the 
ambient temperature of the test cell at 3000 K and a 
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ccnsequently negligible sodium partial pressure. These showed 
no alteration from the V/I characteristics taken at 3000 K 
ambient temperature before the sodium was introduced. Thus it 
was verified that the rifling and sodium loading procedure had 
not introduced an additional impurity. 
By raising the ambient temperature of the test cell to the 
region of 7000 K the partial pressure of sodium seed was raised 
to an appreciable concentration. V/I characteristics with 
electrode temperature and seed pressure as variables are shown 
in Figs. 12, and discussed in chapter 4. 
It may be of interest to record that before sodium seeding 
was attempted experiments on helium seeded with argon and helium 
seeded with mercury had been tried. It was imagined that the 
complications of chemical reaction due to the highly reactive 
nature of the sodium would be avoided while the performance of 
the test cell was assessed. This was despite the higher 
tonisat ion potentials of mercury and argon. However mercury 
reacted surprisingly readily with hot tungsten electrodes and 
mercury seeding was halted without significant results. Argon 
seeding caused a progressive lowering of breakdown voltage with 
filament temperature for seeding concentrations above l of 
argon but little change was observed in prebreakdown conductivity. 
TTiese results accorded with the general nature of results 
pubiisLo by Loan (27)  or pureGazes* 
Consistent characteristics wore not obta1nc, ad since 
this form of seeding was not tho rain object of the 
ivesti3ton these to3to were not takon to an advanced 
state. 
$.G. 50 eedinc Concentrations 
An isobaric model of the test cell was adopted to 
calculate the number densilLes of the gases in the high 
terroeraturo region. The cell was treated as a system with 
two communicating enclosures at differing temperatures T o 
and T, but at the same system pressure p. 
The bulk of the gas in the test cell at the ambient 
temperature is represented by an enclosure of volume V 1 an 
temperature T 1 . The high temperature gas within the electrodes 
is rewesontod by an enclosure of volu=o V2 and teoraturo T. 
The pressure of the system is known when the oloctroos are not 
heated but the tost eell is heated in the oven, i.o. at 
T a  T1, p a P1 Then the electrodes arc heated so that T : T2 0  
let p rise to L'. 
7hon by aplication of the cas lavo 
2 (V1+ v)  
1 V12V2T1 
This analysis neglects the effect of the gas present in 
the temperature gradient, which must exist in practice between 
the two enclosures of the test cell. The ratio F x will be 
larger than the correct value if it is assumed that all the 
gas actually in the temperature cradient is at temperature 22 . 
It was assumed that the high temperature region and its 
surrounding temperature gradient had a radius somewhat greater 
than that of the radiation shield surrounding the electrodes* 
he radius assumed was 2 cm. The length of the radiation 
shield axis was 3 cm. Using these values,, V2 a 35 c.c., The 
volume of the test cell was V1 • 6C0 c.c. Then, using 	7000  K 
and T2 Z  20000  Kr Px is less than 1.04. It was assumed, 
therefore, that the pressure P 1, determined from the voluo 
and ambient temperature of the test cell, approached the 
pressure in the test cell to an accuracy of t4 1 . 
The pressure p is given by 
p a 700 300 x 500 Tori'. 
This is also the pressure in the high temperature enclosure of the 
test cell between the electrodes. The number density ng of helium 
atoms in this region at Tg 0K Is, therefore 
Zig 5 AT0 	cm 3 	(3.2.) 
P0 
where A In ioschmitut'c nu1be!' at T o  a 300 K, p© a 760 Tori' 
	
... n = 2.69 x 1019  x 300 700 x 500 	1 	-3 X 	 CU 
6.2 x 1C orn for T 	2000 ° 
prtia1 rsuro of sodium at 	700 ON  is 0.35 
'Lis to 	clf 	o 	oiii 	2i 	 toinorature 
'og1on at 	1, froz-a oçation (3.2.) 
S 
2069 x 1019  x 300 	C.35 x 	1 760 	 2x 103 
: 108 	ic15 eri 
?hn A tho iTi 	portho Toglon tho occlin3 frcoUon, 
Toinr to zatio of 	odiva nwibor itr to 	2A --I ninboe 
ct T 20000 zz, .q ic 3rO io. 
Table 3.2. shove the various rmber densities corresponding 
to various seeding pressures, at coistant gas temp3raturo 
'The value of T : 2000 0 1K is itoriodiato in the range 
employed in the oxpertiit. 
Tb10 3.2 
(°fl rti1precsure n 	(e) n3 	n 
of sodium (Tori') g 
370 .2zlc 10z10 
70 0435 3NlC15 6.2x1©18 39Cx10 




The results on the measurements of the preceding 
chapter are compared with theoretical results. Theory is 
derived where appropriate. Conclusions are drawn from 
these comparisons as to the phenomena occurring in the 
test-cell under the various conditions. 
50 
4010 VaGULI* Chsrpot.rlstics 
Vaouua charasteristios are shown in Pig. 9. They follow 
the conventional thresebalvea power law to be expected from * 
space charge lt*lied vacuum diode* 
J(asu) 	 (4.1) 
V/2 
or 	J - 233 x 10 	(amps ca 2 ) 	 ( 4.2) 
The above squat ions sic derived by Laig*iz'for * 
plane electrode geostry. For the cono.ntric cylinder 
soaetry in this use, a geometrical factor modifying the 
value of d. mist be introduced. The results of Lanps&tz' and 
Blodgett , 	for cylindrical gtry are 
ja 	233 X lO 	(amp ca) 	- (4.3) 




where subscript a denotes collector 
subscript 0 denotes emitter 
P2  ii a function of the ratio of the radii of the collector 
r 
and emitter "  tabulated  ro by Lazmuir and Blodgett. If 
Po 
l2P2 and in this cu 	
* 	
Is within 5A of unity. Thus for 
an internal emitter 
3/ 
* 2'33 x 10- 6 	(ai C2012) 	 (45) 
ra 
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For the test-cells considered here, in the external emitter 
mode 'o  2 129 For this value, 	is given as 50.569 Thus for 
r. 
an external emitter 
ja  : 2.33 x i0 6 !.8h2 	 - ( 4.6) 
50.6r 2 
: 4.6 x 10_a 	 (, Om-2) 	- ( 4.7) 
ra 
The electrode dimensions of the teat-cells were:-
length & = 2 cm* 
internal diameter of coil 5  0.3 cme 
diameter of inner filament C 0.025 cm. 
Using these values, the total current I was found in each case. 
The emitting area was divided by 2, since the pitch of the coil 
was approximately 1:1. 
For an internal emitter 
i : 9.7 x l0 	Va3/2 (amps) 	 - (4.8) 
For an external emitter 
I x 2.5 x 10-5V 	(snips) 	 - (4.9) 
These theoretical space charge limited characteristics 
are shown in Fig. 9. 
The calcu3atione show that the internal emitter mode passes 
a larger current although it has a smaller area cathode (at a 
lower temperature), than the external emitter mode • This is 
verified by the experimental curves. 
BUp 
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The ratio of theoretical currents in the two modes is 
about 4 to 1. The experiiintal values are approximately in the 
ratio 3 to 1. This could be explained by the warping of the 
outer electrode which was observed to occur while in 
service. The ratio of effective diameters would be decreased, 
thus reducing 32• 
The theoretical value of the current in each mode is of 
the order of 6 times larger than the experimental value. 
This was considered to be due to the combined effects of 
temperature profile along the coil, the alteration of 
geometry due to the warping of the coil, and end effects. 
The effect of a temperature gradient on the inner filament 
can be observed in the vacuum characteristics, Although the 
reverse characteristic follows a space charge limited three-
halves power law the current is not independent of temperature. 
Thus as the temperature is raised, an increase of emitting 
area is indicated. It can be seen that the external emitter 
mode reaches a temperature - Independent space charge limited 
current, due to the higher emitter temperature, and more 
uniform heating mechanism. 
Temperature saturation of the internal mode is also 
shown on the characteristics. This was used as a useful 
verification of the other temperature measuring methods, as 
described in chapter 3. 
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4.2. Mobility 
in vacuum it Ban be assumed that the effect of collisions 
of charge carriers with gas molecules can be neglected. Then 
the velocity of the part icikee at any point in the interelectrode 
space can be determined by equating their kinetic energy to 
the energy gained from the field. If the pressure of gas 
present is so high that the interoleetrode spacing is 
comparable with the mean free path of the charge carriers, 
the carriers will lose energy by collision with the gas 
molecules and the simple energy balance used for the vacuum 
ease no longer applies. Since the mean free path of electrons 
in 500 Torr of helium isof the order of 10 cm (see Chapter 1), 
the second ease must be considered in analysing the test-cell 
characteristic when gas-filled. 
It is usual to assume that the effect of the collision 
processes is to give the charge carriers a drift velocity Vd 
In the direction of the applied electric field X given by 
V  = [AX 
	 - (4.10) 
If the energy gained by the charge carriers from the 
field is less than the average thermal energy of the gas 
atoms, the mobility p. of the charge carriers is independent 
of the field. Howoter if the energy gained from the field 
by the charge carriers in a mean free path is appreciable 
compared to the average thermal energy of the gas atoms, the 
average random volocity of the charge carriers, V 1 is raised 
above that due to equilibrium with the gas atoic. Because 
is increasing, the erergy losses suffered by the charge 
carriers in collisions increase-As shown in various 
references (16917) this leads to a decrease in mobility, 
dependent on the field. 
Von ngel '3 analysis shoc that, if the fraction of 





,c is constant, 
- (4.11) 
- (4.12) 
Forman (18) in his work on hot filaments in unseeded 
rare gases, assumed an electron mobility inversely 
proportional to (X/ )*. He found that his current/voltage 
characteristics fitted this assumption qualitatively, 
although the quantitative agreement was not so accurate. In 
the present case, however, the gas temperature is higher and 
somewhat lower values of X, are used. It was therefore of 
interest to examine the transition between the begions f 
independent of field and 	(E/)4 . 
Langovin's simplo mobility theory (19)  gives 
.eXe - (4.14) 
assuming Vd << 
The adom velocity 7g of particles in equilibrium with the 
as is givon by 
g2 = 	( 4/IT) 	 (4.15) 





3.7x10 em2  see 
Von Engel gives the random velocity V. of electrons due to 
the field X by 
(esu) 	 - (4.16) 
is the electron mean free path 
Ic is the fraction of energy lost in a collision 
For an elastic collision between electron and He atom 
ic - 2m 	 (4.17) 
2.72 x 10 
e under conditions of the test cell : 3.1 x 10 em. 
.. From (4) ve : 1.45 x 1016 cm2 sea 2 per eau em 
x 
For K = 10 V om : 3.3 x 102  esu. 
e2 x 1014 cm see 2 . 
Thus the random velocities v and fe  are comparable. 
The test cell is operating in the range of transition of 
from a constant value to a value proportional to X4. 
t_, ' 
Von Engel's equation (4.16) for random velocity ve is 
derived assuming negligible contribution from the thermal 
energy of gas atoms. If it is assumed that 
72 = 7e  + Vg 	 - (4.18) 
where V is the total random velocity of the electrons 
lig is the random velocity of the electrons due to 
gas thermal energy 
and V is inserted in the derivation of mobility. 
- Sha [V2  + vg2I 	 - (4.19) - 	In 
e?%e. { 21 ene 	 - (4.20)4. 
Mobility is plotted against field in Fig. 10 for a 
helium pressure of 1100 Torr and temperature of 20000 K. 
Elastic collisions are assumed. 
From this graph, jf is given by 
Kx  J, 	= - (4.21) P) 
7) X 	for X > 15 V cm ' 
Pack and Phelps (21) experiments and Loeb's 22 collection 
of data show that, for electrons in helium, k = 10 x 10' cm 
(Torr) V sec' ± 20. 
The working pressure in the hot zone of the test cell is 
equivalent to 175 Torr at 3000 K 
•1• 	v = 77 x 106 cm3#4'2  v 	see- I 










in (cm. sec 'per V cm) 
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From Figs 1D v = 72 x 10 cm" V sec
-1  for X > 15 V cm' 
The agreement between these values is within the uncertainty 
in the published values of k. 
4.3 • Pure Helium Characteristics 
4.3.19 Comparison with Theory 
The usual analysis 
(23) 
 of a gas filled diode with 
cylindrical geometry yields 
1 	56 x iO 	 (amps cif') 	- (4.22) 
rg 2R() 
where I is the current per unit length of electrode 
1A is the electron mobility, independent of the field 
rg, is the radius of the outer electrode, in the oases 
of both internal and external emitter 
7r\ ij a geometrical function of collector and emitter radii 
\r0 1 
r and r0 given by Ivey. (24)  
With geometrical constants evaluated, equation (4.22) gives 
I = 7 X 1012 V 2 (amps) for external emitter - (4.23) 
and I = 49 x 10- '' Va 2 (amps) for internal 
emitter 	- (4.24) 
Using the value j 	= 25 x 10 cm 2 sec' volt', equation (4.23) 







Fig. I Ia 	Theoretical space charge Limited gas diode 
V(volts) 
IV 
A:- 	constant 	C:- 	OC) 	B:.-filament voltage drop correction 
in A . fjor Vf=20V 
Ivey (25) derives expressions 	the gas filled 
Ak 
cylindrical diode when A . a 
j : s.e X 10 13 V Va3'2 (amps am") 	- (4925) 
rB7 g 
Using the same nomenclature as before. B(s ) is a 
geometrical factor given by Ivey. When evaluated for the 
geometry considered here 
(external emitter) 	694 x 10" 2  v Va3/2 (amps) - (4.26) 
(internal emitter) 1 = 1.93 x lO"'UvVR3/2 (amps) (4.27) 
Putting 	V = 7.5 x io4cm3'2 v1 eechhl) in equation (4.26) 
= 4.8 X lO"'' Va31'2 (amps) - (4.2$) 
Equation (448) is plotted in Fig. lk as curve C. 
The voltage drop across the outer electrode due to the 
heating current caused a voltage to exist between the electrodes 
when the applied voltage was zero* Ivey (26)  gives an 
analysis of this effect in the case of the vacuum diode, 
where a three-halves power law is assumed in operation. The 
largest degree of correction to the test cell characteristic 
will occur for low applied voltage V,  when a square law is 
expected. Ivey's correction cannot be expected, therefore, 
to be rigorous for the test-cell characteristic. To obtain 
an order of magnitude, Ivey's correction was applied to the 
theoretical square law curve A of Fig* l]a and plotted as 
curve B. 
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It should also be remembered that the inhoniogeneous 
field across the annular gap or the test eell must cause 
variation in electron mobility across the gap, even at 
constant applied voltage. It is difficult to derive a 
suitable average value for the mobility at any particular 
applied voltage because of this variation across the gap, 
and because of the "transition" of the mobility from field 
independence to a square root dependence. 
The V/I characteristics of the test-cell at an ambient 
temperature of 200C are shown in Fig. lie. For 0 <V a < 10 0 
the characteristic approximately follows a linear law. Above 
10 volts, at lower gas temperatures, a power law of index 
around 1.3 is followed • This index is lower at higher gas 
temperatures, falling to 1.1. It is clear that the 
agreement with theory is not close at higher temperatures. 
When the ambient temperature of the test cell was 
raised to 4000 C, the characteristic (Fig. llb) was slightly 
changed. The slope falls off slightly around 10 V before 
Increasing again to breakdown. 
If space charge limited conditions exist in the test 
cell when filled with pure helium, a V/I characteristic lying 
between the curves for IL constant and ji a X in Fig. ha is 
expected. The experimental curves are not temperature 
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o2o 	ci1 	 rc 	o oecc Lc, 
cit hior oocituoo. 
4.3.2. Conparison with Quoted Results 
(1827) experiments with hot filaments In rare 
gases yielded somewhat similar results. With a tangsten 
filament above 2400 0  K in an argon-filled internal emitter 
cylindrical diode, he found that the characteristics were 
temperature sensitive and did not follow a space charge law. 
There was an initial steep rise in current, followed by a 
saturated region where the current increased little with 
the applied voltage • At voltages around the ionization 
potential of argon, breakdown ocourrod. 
Helium filled diodes followed a space charge law and 
the characteriaticc7as reasonably temperature independent 
up to filament temperata of 30000 K in Forman's experimentso 
orrnan oxplaiod the high pro-breakdown currents 
obtained in onon and argon by assuming a significant degree 
of thermal ionization in the rare gases at the temperatures 
they reached due to the hot filament • The Langniuir layer of 
gas surrouncing the filament vas taken to be at a toaperature 
close to the filament temperature. Because of the high 
ionization potential of holiwn compared to argon and xenon 
the number of ions produced in helium was regarded as too few 
e . 
to disturb the apace charge law. 
The teat cells used in this project had a more efficient 
means of heating the enclosed gas than 	diodes, which 
had a filament cathode surrounded by a relatively cool anode. 
It seems likely that the amount of gas heated to filament 
temperatures was only a small fraction of the gas occupying 
the interelectrode apace. Moreover helium would be heated 
even less than argon or xenon, since its rate of heat 
conduction through the Langmuir layer is approximately 
10 times as great as that of argon. This fact might 
contribute to the complete absence of any thermal ionization 
apparent in Forman's results for helium. 
The interelectrode gas in the teat-cells therefore was 
probably at a higher temperature in general than the helium, 
and also the argon and xenon, used by Forinan. A higher 
degree of thermal ionization could be expected. 
Forman used ultra-high vacuum techniques resulting in a 
much lower impurity level in his diodes than in the test cells. 
Moreover his diodes presumably were not operated at ambient 
temperatures of 400 0 C O with the consequent risk of impurities 
being released from the walls. It is noticeable that the 
VI characteristics of the test cell taken at low wall 




 carried out experiments with pure argon 
between cylindrical graphite electrodes at temperatures 
between 15000 K and 2500 K. His characteristics divide into 
3 sections. 
A linear increase of current with voltage near the origin. 
An almost constant current over a wide range of voltage. 
At a lBrticular voltage, a sudden increase in current, 
eventually forming a transition to an are if the current 
is allowed to rise to a high enough value. 
In another paper George 
(29)
shows that impurities such 
as Ca and Ba are provided by the graphite electrodes. He 
considers that these are thermally ionized and the ions 
neutralise the space charge • It seems possible that the sine 
process, to a much smaller degree, could have affected the 
characteristic of the test-cell. Thus when impurities are 
outgassed from the walls at the ambient of 400 ° C, the 
characteristic shows a high slope, followed by a tendency to 
flatten off corresponding totbe regions I) and II) of George's 
characterist ice. 
4.4. Back Diffusion and Reverse Characteristics 
Diffusion of electrons back to the emitter, or 
"backscatteri.ng" as it is sometimes called, can be an 
Important process under the high pressure conditions to be 
found in the teat cell. Thomaon'e 	treatment of this 
phenomenon shows that, if the density of current flowing, 3 1 
is much less than the saturation value of the emission 
current density 3 2 the current is limited only by space 
charge. If.J is of the same order as 3, diffusion limitation 
occurs and Thomson derives the equation 
3i'• = [i+g. 
Vd 
where is the root mean square velocity and Vd  is the drift 
velocity corresponding to the field at the emitter in the 
absence of space charge. 
In the external emitter mode, the teat cell does not 
pass currents densities approaching the thermionic emission 
density of the emit ter, (except perhaps after breakdown) and 
so back scattering may be neglected. However, the internal 
emitter mode runs nearer to emission saturation. The effect 
of back scattering may be obsered in the absence of 
complete thermonic saturation in the internal emitter 
characteristic shown in Fig. lid. The slope of the 
characteristic decreases markedly at higher currents near to 
where emission saturation would be expected from the 
temperature of the electrode, but saturation is not quite 
complete. This is as predicted by Thomson's theory and by 
the extension of this solution to coaxial cylinder geometry 
by Rice 131) 
As predtoted by equations (4.23) and (4.24) the space 
charge Wilted current is lr for the internal than for 
the external emitter mode. 
.5. Sodium Seeded Characteristics 
4.591. General Form of Characteristics 
Sodium seeded characteristics were taken with a partial 
pressure of sodium of 0.16 Torr 0.5 Torr, and 0.8 Torr. 
The characteristics are shoin in Fig. 12. 
Three di tinot regions are apparent on the characteristics:- 
an initial linear rise of current with voltage near the 
origin up to between 5 or 10 volts. 
a transition to another linear V1 region with a izuoh 
reduced slope * persisting up to 22 volts at least, end 
higher voltages at lover temperatures. 
a marked increase of currert well beyond the currents 
of region 2 3ading to troakdown if the current is 
allowed to rise high enough. 
,54. Initial Conductivity (Region 10) 
The theoretical conduetzce of a seeded gas at 20000  K, 
determined in Chapter 1 was ar : 1.2 x io 	"1 cm"2. 
Provided that the presence of space charges between the 
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distribution, already implied in the derivation of cr the 
conductivity 0- is related to the roairod oonduotare G by 
Lr = en- - ( 4,29) 
vbore £ is the effective length of the electrodes of larger 
radius r and smaller radius P0 • In the present geometry iith 
2 cm. and / 0 = 12, 
G. = 5o 	 - 
(4.30) 
= 6 x 10 S1• ' cm 
It is probable that space charge effects are negligible 
because of the neutralizing effect of positive ions • This 
is indicated by the linearity of the V/I characteristic in 
the region (1). The effect of space charge would be a 
V2 or  V' relation to 1, depending whether the electron 
mobility was independent of the field or not. 
Thus in region (1) 
	
= xn3 e 3 	 - (4.31) 
0-  
ffleV 
Saha's equation Is 	 eVL 
-4 Y2= (2.40 X 10X 	- ( 4.32) 
P eVL 
= (2.40 x 12_) se2e T:";c 	 - (4.33) 00 	a,
m0v 
V is dependent on 	However the exponential term in T. will 
C 07 
cause the other terms in T to have negligible variation. 
Thus a plot of logcr against 1/TQ should be a straight line. 
Plots corresponding to the three seeding concentrations used 
are shown in Fig. 13. 
The greatest error is likely to be in the values of gas 
temperature. The effect of an uncertainty of only 1 5 K is 
shown on the points of Fig. 13. It can be seen that this 
relatively small error in temperature results in considerable 
spread on the graph. 
With only ±50 K allowance for temperature error the plots 
of cr against /TG are linear. From the slope of these lines 
a value for V1 was calculated for each seeding concentration. 
These values, entered beside the corresponding isobar of 
Fig. 13, are all higher than the expected ionisation 
potential of sodium, 5.14 V. While this could be attributed 
to the effect of impurities, it is thought more likely to be 
due to an error in the temperature scale used. While the 
temperature readings are consistent amongst themselves, as 
shown by the linear plots obtained, the scale factor 
transforming the initial observations into absolute 
temperature readings must, on this assumption, be incorrect. 
This is not surprising in view of the large range of 
uncertainty in which the gas temperature lies. In each case 
the most pessimistic view was taken and tho minhzuu temperature 
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By interpolating values of o- from gig. 13 0 the initial 
conductivity 0 has been plotted against the square root of 
seeding pressure in Fig. 149 Gas temperature is the other 
parameter. Equation (4.30) shows that 
a Tat constant T 
•'. a- a pi at constant T 
The points show linearity. This graph is useful in that 
the conductivity expected at lower seed pressures can be 
extrapolated. 
Using Fig. 14, it is found G Z 3 x 10. mho om7l at 
20200 K. The theoretical value derived for these conditions, 
given by equation (4.27) was 0 -4 	-, 3 6 x 10 n*io cm.' Thus the 
agreement is not close. It seems probable that the error 
is due to poor knowledge o± the gas temperature. 
4.5.3. Saturation (Region 2) 
Equation (4.28) may be written 
0- = fle 14e e 
	 - (4.34) 
where 14e  is the electron mobility, regarded as constant, and 
space charge effects are considered neutralised by the 
presence of positive ions. Thus the near saturation of 
region (2) is likely tobe due to either a sudden change in 
electron mobility or a removal of all the positive ions 
available. The variation of mobility with the field has 
(ci' 
14. 	Observed Conductivity G vs. Seed Pressure p * 
- 	
flip. (Torr) 
already been discussed in section (4.2). The theory does 
not predict any sudden changes of mobility as would be 
required here. It therefore appears that the transition to region 
2 is due to the failure of the thermal ionization process 
to keep a surplus of positive ions present in the interelectrode 
space. Since Soha's equation does not apply to the case 
when a species is being drawn off rapidly it is difficult to 
be quantitative. 
When treating the current flow through a neutral 
plasma, the ion current density 3 is normally neglected, 
since the ionic mass is several orders of magnitude greater 
than the electronic mass and therefore the ionic mobility 
is very much less than the electronic mobility. Only the 
electron current density 3 is considered in calculating the 
conductivity. However the positive ions are effective in 
cancelling out negative space charge created by electrons. 
For plane geometry, Ling 	(32) showed that positive 
Ions of mass mp reduced electron space charge in proportion 
to their number density multiplied by (1836m,) 
Thus if the positive ions are removed from the 
thermally ionized region in the test cell at a rate that 
depletes the intereleotrode space, electron space charge 
conditions eon influence the characteristic of the teat cell, 
causing it to approach saturation. Complete saturation is 
not observed on the characteristics in region 2. However 
complete space charge limitation will not be achieved 
immediately the transition region is reached. Moreover a 
current depending on V2 or V312 would be expected in a 
complete space charge limited case • In the pure helium 
characteristics, there slight impurity seeding was suspected, 
at a concentration far below that required for space charge 
neutralisations currents were proportional to V where 
x ranged from 1 to 1.3. 
4.5.4. Recombination 
Recombination of ions in gases occurs by marq processes (22033) 
the separate effects of which are difficult to distinguish. 
The processes may be treated generally by assuming a 
constant of recombination p cr13 see. If the concentration 
of positive ions n am 
-3  equals the concentration of 
negative ions n
-  cm 4 
= i1_ a a 
the rate of recombination is given by 
-dn •pn2 	 -(4.35) 
The formation of only sodium positive ions and free 
electrons as negative ions is to be considered; (the number 
of helium lone formed on the assumption ofSaha's equation is 
negligible). It seems likely, tLere forc, that only volume 
electronic recombination and not ionic recombination need 
be considered. 
Consider an intorelectrode gap of t cme width with a 
field applied large enou6a to draw all the ions to the 
electrodes before they can become neutralised in the gap. 
In equilibrium with no field applied the rate of ion 
formation by thermal ionisation equals the rate of ion 
loss by recombination dn. Assuming this equilibrium is not 
UF 
greatly disturbed by the application of a field, the number 
of ions which can be removed in unit time per cm
2 
 of 
electrode surface is (dri). The saturated current density is 
3 S 	•edn 	 -(4.36) 
is the saturated ion current density. The 
observed current density is the arithmetic sum of electron 
and ion current densities J and 3. 
= - 
The value of 	is not well known but is likely to lie 14 
between 	and 
Then, from equation (4932) 
= is - xlo-3 
at 	 eC 	 - (.37) 
Substituting in equation (4.1) 
,- ' x iO 3 
	
P = J 	 -(4.38) 
een2 
7' 
Equation (4.38) can only be expected to give an order 
of magnitude to p. The derivation yields a recombination 
coefficient describing the total effect of many  
reoombinationooases that may take place in the teat-cell 
under somewhat indefinite conditions. Recombination may 
take place at the electrodes. Moreover the value of n is 
uncertain because the gas temperature is not known precisely. 
There is present an excess of electrons, emitted by the 
cathode • Probably moat important, the use of the Saha 
equation to determine n under non-equilibrium conditions 
is not strictly valid. The gap size is also uncertain. 
It is interesting that, despite those objections, the 
values of p calculated for two seed concentrations is shown in 
Table 4.1 show some consistency to within an order of 
magnitude. The value of p, lying between 10" and 10 -10  
OM seo, is consistent with published vaiues'34 for 
electron recombination withatomic ions, such as would be 
formed by sodium. Helium, for example, is thought to form 
molecular tone He2, which recombine with electrons with a 
-8 3 	-1 rate coefficient of 10 cm see 
It is noted that Forman, examining irradiated gas 
diodes, obtained characteristics somewhat similar to those 
of the seeded test-cell. Forman considered that the 
Irradiation released electrons from the glass walls of his 
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"..' able 4.1. 
Recombination coefficient P 
p = 0.35 Tori' 	 n 2 1.86 x 10 cm-3,  
T 	() I n. 	(0m) Iglat 	(in) p (0m'3 eeo) 
1925 6.8 x 10 1.22 x lO 0.15 1.9 x 
1980 1.03 x 1.88 x lO 0.2 1.2 x W10  
2045 1.70 x 	O' 3916 x 1011 0.5 0.9 x 100010 
 
2195 5910 x 10-4 9.50 x 1013 4.5 0.8 x W10 
p 0.18 Tor' 	 n. : 9.30 x 10 14  cm 
T 	( °K) x fl, (cm) '3at  (mA) p(orn 8ec"1 ) 
1845 4.50 x 10 4.20 x 1010 0905 4.5 x 
1890 6.60 x 10_5  6.14 x 1010 0008 3.1 x 10_ic 
2035 2.22 x 10 2.06 x 1011 093 1.1 x W10  
2105 3.78 x 10 3.52 x 1011 100 1.3 x 10 10 
2165 5.43 x 10-4 5.05 x 1011 3.0 1.8 x 10-10  
j( ) 
diodes, thus forr1inC Ion pairs n the gas. Ee was rriaThly 
concerned with examining the Zatsauer effect in rare gases, 
and does not show a characteristic fcr helium in his papers, 
However he states that it is similar to neon characteristics, 
which show a change of slope in the region of 2 to 3 V. 
Forman(36)  attributes this to a change in mobility because of 
electron energy losses to the gas. However it can be seen 
that his theoretical curves for a neon filled diode, calculated 
on the basis of a mobility change, show a loss marked change 
of slope, extending over a larger voltage range than his 
experimental curves. The available data on electron mobility 
in rare gases such as the work of Pack and Phelps (2  and the 
trend of calculations aioh as section 44 indicate that the 
change in value of electron mobility with field is not 
abrupt enough to explain the observed characteristics, alone. 
4.5.5. Initial Currents 
A stri'&ing feature of the seeded characteristics is the 
large initial current flowing for no voltage applied. It 
was thought that these currents were caused by the initial 
velocity of the emitted electrons.. The neutralisation of 
space charges and enhanced conductivity of the gas would 
permit a larger current to flow in the seeded gas than would 
flow in the unseeded gas. 
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Assuming an exponential dependence of thermionic 
current on temperature as given by Richardson's equation 
3 = AT';#1  (A CM-2) 	 (4939) 
where 0 is the work function of the emitting substance 
may be determined approximately from the slope of a graph 
of log 3 against . The variation of 3 with T2 may be 
regarded as negligible compared with the effect of the 
exponential term. 
The value of 0 is thus determined without knowledge 
of Richardson's constant A. Moreover 3 may be nuxltiplied 
by any factor constant with temperature without affecting 
the determined value of # • Thus I. the total current, may be 
used instead of J. the current density, assuming the 
variation in emitting area with temperaturenegligible. 
The presence of a voltage drop across the heater coil 
could cause a voltage difference to exist between the 
electrodes even when zero interelectrods voltage V. was 
indicated. In the usual directly heated vacuum and gas-
fild diodes this effect cannot be entirely disregarded 
ese cially when the intereleetrode voltage is of the same  
order or less than the heater voltage. Even if the electrodes 
are centre tapped, when it might be expected that the effect 
in the two halves of the diode would caicel out, the exponent 
of three-halves or two in the space charge equation results in 
the cnceliation boizj .m2j puale oi our soi-sed 
Clods, ioweve', the exponot la close to unity and 
oecc2irt on should be more nearly complete • it nmy also 
be noted that the range of variation of the heater voltage 
over the re of lectxboe teiperatures of intere st *mount 
to n (thariZc of 25, of tho total voltage. Th ccx'responding 
in, current -.,my therefore 7je about 25 at the moat. 
This may be neglected in comparison vdth an exponential 
variation in current* 
5aok scattering of the electrons by the relatively high 
density of Can molecules may occur (see section 4.4),, 
(30 theory oftack-scattering shows that the ratio 
of current flowing when back scattering is considered, to 
current flowing when back scattering is neg  ~,lectedj, is 
dependent on T4. This may be neglected in Richardson's 
equation as explained above. 
Log I loplotted against 	for several of the seeded 
Initial currents. It is clear that the results are not 
accurate slough to yield precise information on any slight 
change in work function of the tungsten surface due to alkali 
coating • The values range from 3.2 to4.W. The in cause of 
Inaccuracy in the readings is probably the determination of 
temperature • Shown ofi the graphs is a variation of ± 100 
In the electrode teneraturs. 





.6 • easuoment larrors 
It haEi been stressed several times that measurements 
on the gas temperature T 3 form the main source of error. 
Equation (4.33) shows thct a - , and 0, are dependent on 
exp 
(eV 1/2k T3) • By different tat ing equation (4.33), 
io find 
AG 	eli 1 AT 
9 
G 	2kTg Tg 
- (4.40) 
Taking the uncertainty in gas temperature as 
AT 
equation (.40) gives 
AG = ±7O 
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Thus it is c1or that much quantitative areeent 
between tiae theoretical and observed valuee cannot be 
expected with the apparatus used. 
A similar argument holds for the measurements of 
in section (4.5.5). An error of ± 10 0  K in the filament 
temperature of 25000 K yields 
= 
4,7 •  Residual Seeding 
Vhen the ambient temperature of the teat cell was 
reduced to 4000 K alter a sodium run, it was expected 
that the vapour pressure of sodium inside the test cell 
was negligible as a seeding agent. Nevertheless, the V/I 
characteristic did not return to the pure gas characteristic 
of Fig. 11. As shown in Figs. l2d, 32o, 12f, the 
characteristic is still typical of those with sodium seeding. 
However on running the filaments continuously for some 
hours at 4000 K test cell ambient, the current levels dropped 
markedly in proportion to the length of time the filaments 
have been heated. This is indicated in Fir,, so 12e and 12f. 
It is thought that this effect is due to the absorption 
of sodium as a layer on some parts of the test-cell which 
Fin. 12d He fill€d + Na after cooling to 400 °K ambient 
1. 
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are at a cuitable tecrature of 	to 12C0° When the 
test cell Is in service at its normal ambient to,erature 
of 7C ° . Cn cooling to 4000  1r, ambient, this sodium Is 
slowly vaporsed off into the atrosphere of the test-cell 
under the action of heat from the fi].anients., iventually 
this supply of sodium atoms from areas suitably close to 
the filaments should be exhausted. It Is expected that 
conduction then would return to the pure gas level. 
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Cold cathode breakdown in helium 
under sodium seeding 
A brief description of experiments to investigate 
the effect of sodium seeding at up to 0.5 Torr in various 
pressures of helium is given. The variation of the 
breakdown voltage with pressure and gap is shown. The 
phenomenon shows little promise for development of a 
detecting device. The results are in general agreement 
with other work. 
Effect of Sodium Seeding on "Cold" Cathode Breakdown 
591. Apparatus 
A plane-electrode borosilicate glass discharge tube 
was used for these experiments. The electrodes were 
moveable by means of a magnet, and consisted of cylinders 
of magnetic stainless steel, with the sharp corners 
bevelled off. The helium and sodium were introduced by the 
same means as used for filling the hot cathode test cells. 
The tube was cleaned by out gassing at 4000 C under 
vacuum, and also by running a discharge in 0.5 torr of 
helium and pumping the gas away. 
52. Exteriments 
The tube was filled with pure helium at various 
pressures up to 100 Torr, and Vb VS pd curves taken when the 
tube was at room temperature. The readings were then 
repeated when the tube was heated to 420 0 C. 
The tube was opened, and cleaned as before. It was 
then filled with helium and loaded with a pellet of sodium, 
positioned in a trough between the electrodes. Vb vs. pd 
curves were again taken, with the tube at room temperature 
and again when at 4200 C. This would result in a 
saturated vapour pressure of about 0.5 torr of sodium being 
present in the discharge gap. The characteristics are 
shown in Fig. 16. 
The presence of sodium was indicated by a strong 
yellow cathode glow in the discharge. When light from the 
discharge was passed through a onoohromtor a strong 
sodium doublet was obtained at 5893 R. The sodium glow 
tended to be strongest at the cathode. The pocitive column 
did not yield a strong doublet line. 
593. Results 
The curves obtained showed a slight depression of the 
value of Vb min when sodium was introduced. However some 
uncertainty was introduced in the comparison because the 
effect of beating the discharge tube to increase the vapour 
pressure of sodium. This probably released more impurities 
from electrodes and walls. Whatever the reason, the curves 
for pure helium showed a consistent drift to lower values of 
breakdown voltages. The uncertainty introduced by this 
Is of the some order as the effect observed under sodium 
seeded conditions. No consistent deviation at all is 
noticed at the higher values of pd around 130 (mm x cm). 
The device would be required to work at these higher 
valies of p.d., unless some leak device was used to sample 
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5.4. Discussion 
Neuman 	showed that in pure argon, where sodium 
produced a lowering of about 20/o on a nickel cathode at 
pressures of 1 mm, the breakdown potential at 20 mm 
pressure and above was unaltered in argon irrespective of 
the presence of sodium on the nickel cathode. 
Iren1rantz (54)  found that sodium coated on a 
platinum cathode lowered the breakdown voltage of argon at 
the minimum, Vb mm' by about 50. However at pd equal to 
24 (mm x cm), Vb was only altered by 39 
These results seem to show that any effect of the 
sodium is due to formation of layers on the cathode, with 
consequent alteration of 7/ , the coefficient of secondary 
emission at the cathode. It was noted that on cooling 
the tube, the lowering of breakdown voltage still seemed 
to be present. This indicates that some coating of the 
cathode does take place and, since the cathode is not heated 
to very high temperatures to drive off the sodium, the effect 
remains. 
This line of investigation seemed to offer little 
prospect of development into a sodium detecting device* Work 
was, therefore, not carried further on the cold cathode 
breakdown. It was considered worth recording the general 
agreement of results with other work carried out in this field. 
CHAPTER 6 
Conclusions 
The performance of the proposed device is assessed, 
and avenues for further work are suggested. 
6.1. 	A.,ssessrient of the Proposed )otector 
The purpose of this project was to find a method of detecting 
small amounts of sodium impurity in helium. To this end 
the conductivity characteristic and breakdown of a helium.. 
sodium mixture has been examined. 
It was hoped that the concentration of seeding 
detected would be less than i atou in 1 5 . It seemed 
iou the characteristics obtained that under the conditions 
of the experiment, a safe level of detection was between 
1 in 10 and 1 in 10 5 0 The conditions of operation of the 
device determine which of these values of sensitivity must 
be accepted, as discussed later. 
6.1.1. 	Operation of the Test Cell 
The conductivity of the seeded gas, and hence the 
sonettivity of the method for detection could be increased 
by raising the temperature of the gas. However the level 
of ionisation of the other Impurities, forming a 
background conductivity, would be increased proportionately. 
In a purer sample of helium, the reduced background 
conductivity would allow a lower conductivity to be 
accepted as evidence of sodium contamination. 
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From Fig. llb the value of the unseeded conductivity 
G o  expected at various gas temperatures T can be 
obtained. Values taken for 5 V are shown in table (691.) 
Table 6.1 
Tg Go 0 at 10 1  TorT 
cm) (OK) (inbo om) (Mho 
1955 006 x 10 
2020 0.62 x 10 
2045 1.2 x 10 06  
2130 1.05 x 10 
2150 292 x 10 6 
2180 1985 x 10 
2195 6.5 x 10 6 
For comparison the seeded conductivities G for similar 
gas temperatures, at a seed pressure of 10
-1  Torr, taken 
from fig. 14, are shown alongside. 
From these values it can be seen that the ratio of 
0 to G0 begins to fall off at higher temperatures due to 
proportionately higher values of G,. The higher values 
of G0 are considered to be due to enhanced leakage through 
glass walls, together with some seeding effect from 
impurities released from the glass walls. Lowering of the 
gas temperature to reduce these effects is limited because 
of the apace charge limited current flowing through the 
unseeded gas, as shown in Fig. 110. Thus for maximum 
sensitivity, the gas temperature of the device should be 
In the range 1900 0 K to 21000 K. 
!f the dovico ic to be oorated at a stead applied 
voltage, so that a V/I characteristic is not plotted, it is 
suggested that 5 to 6 V is the most autable interelectrode 
voltage • This value yields the greatest thangre in 
conductivity; this can be seen from comparison of 
Figs. 11 and 12. 
691.2. Use of the V/.t. Characteristic 
The shape of the characteristic is a useful distinguishing 
feature. In all the deliberately-seeded tests the v/I 
characteristic up to 20 V consists of a linear rise followed 
by a quite abrupt change to a "plateau" region. In the 
control tests in unseeded helium this characteristic is 
never observed. It seems unwise to use voltages equal to 
or greater than 20 V since the metastable level of helium, 
with its long lifetime and consequent high collision 
probability, has an excitation onergy of 20eV. capable of 
ionising most impurity atoms. 
Thus a continuous sweep of applied voltage up to 
20 V and display of the consequent characteristic in linear 
for would give a more sensitive detecting device, for the 
levels of impurity encountered in the test cell. If 
greater background impurity levels than achieved in this 
experiment were expected it would be necessary to check 
that this inadvertent seed&ng did not yield characteristics 
of shape similar to that of sodium, 
6.1.3. Sensitivity 
The eons it iv ity of the detector depends on how small 
a difference can be tolerated between the seeded and 
unseeded conductivities. This, in turn, depends on the 
stability of conditions to which the device is subject • The 
most important of these conditions is thermal stability, 
since, as discussed in section (4.6), the current flowing 
is markedly dependent on both gas and electrode temperatures. 
Use of a voltage sweep rather than a stationary 
interelectrode voltage would help in conditions where thermal 
stability was bad, as discussed previously in this chapter. 
The background of impurities is also Important. 
Table 6.1, and comparison of Figs llb and Fig. 12a show 
that for a seeding concentration of 3. atom In 104 the 
current will change by a factor of over 50 times, This 
margin is probably the minimum acceptable unless the V/I 
characteristic is observed. If a ratio of 20 between the 
two current levels is acceptable, however, Fig. 14 shows 
that a seeding level of 1 atom in 10 may be detected. 
This factor of 20 is thought to be aoEeptable in very 
stable conditions with low background, or in a device 
where the v/I characteristic is monitored. 
6.1.4. Seinipermanent ContaminatiOn 
Owing to the tendency of the characteristic of the 
teat cell to be affected semi-permanently by sodium 
seeding, even after the sodium vapour has been removed, 
the detector would have to be dismantled after any 
significant amount of sodium had been in contact with It 
Baking out of the detector surroundings to as high a 
temperature as possible, with the electrodes raised to 
25000 C and flushed with clean, dry helium, would be a 
possible alternative cleaning process. However, the 
inexpensive nature of the electrode system would make 
complete replacement after any contamination the best action. 
6.1.5. Reproducibilit 
A comparison of seeded characteristics In to cells of 
differing construction, with dimensions of electrodes 
similar within 10% shows that the response of the test cell 
OD 
Is not very cnsitivc to inccuracie n etr, (see 
Pigs. 12b and 120). This mns that reclibratcn of the 
dov5.00 on replacement of the electrode cystet could not be 
required. 
6.2. 1?urthor Work 
It cannot be claimed that any very precise determination 
of the phenomena occurring in alkali seeded gases has been 
made • This, hcv ever, was not the primary aim when 
designing the apparatus • It has been shown that thermal 
ionisation of sodium in helium results in pro-breakdown 
characteristics similar to those found by other workers 
using other alkalies and rare gases. 
The most pressing need in any further quantitative 
investigation would be a more accurate gas temperature 
determination. L larger heated enclosure would pD=it the 
use of comparatively bulky radiation-shielded thermocouples 
to measure the gas temperature directly. Corrections for 
the temperature readings derived thus are treated fully by 
(55) 	 (56) 3akor et al 	and Jackson 
The heating of the gas would be best carried out by 
tngsten beating elements forming a h1.h temperature 
enclosure. Plane or filament electrodes 1 no longer having 
the dual role of electrode and gas beater, could be heated 
ER 
either by contact with the gas or separately by electric 
current • The greater independence of electrode and gas 
temperatures would lead to more flexible experiments. For 
example, the possibility of using somewhat lower gas 
temperatures, together with electron emission induced by the 
growth of alkali deposits on the tungsten electrodes, 
could be examined. Because the electrodes no longer heated 
the gas, they could be maintained at 10000  K to 12000  K, a 
temperature at which the alkali would remain on the electrodes. 
The reduced temperature would make the apparatus less 
susceptible to impurities such as water vapour. The 
sensitivity might be controlled by the length of time the 
electrodes were exposed to alkali coating between successive 
high temperature flashings to drive off any alkali. 
A twin filament glass test cell with independent gas 
heater has been successfully constructed, but time has not 
allowed any useful results to be collected from it. The 
method of gas temperattwe measurements has not been 




If the heater coil of the teat cell is considered as 
a solenoid, it generates a magnetic field parallel to the 
axis of the tube. Thus electrons travelling at uniform 
speed between the heated coil and the filament anode will 
be constrained to describe circular paths in a plane at 
right angles to the axis of the tube. The theoretical 
"cut off" occurs when the radius of the outer electrode 
is equal to the diameter of the electron orbit. When the 
orbit has a smaller diameter, under a stronger field, the 
electrons will not reach the anode. 
Us ing 	 units, because of the simplification of 
constants, the magnetising field H = NJ at centre of a 
solenoid  
Is in amps/rn when I in amps; 
length of coil in metres 
IJ 
 
no of ttuns 
For I 2 20A, H 15 x 29 t. m 	
(a coil of 15 turns and 
2x1O 2 	 2 am. long) 
1.5 x 104 A. rn"1 
C2 
Flz donity 	B 	/I OH 
- 6ir x 10-3 w.m 2 
1'9 x 102  wm 2 
In c.g.s units B = 1.9 x IC2 gauss 
Let electron cove rith constant speed "v9 In a field 
of untform flux cerety "B", ron a circular path of 
ricus R. 
	
Force on electron F 	BeV = 
my2 
R 	= 	(m) eB 
If the potential in the intercioctrode space is  
uniform the electron vill meve with uniform speed. 
Electrostatic theory shows that the field strength between 
coaxial cylinders is .nversely proportional to the 
distance from the axis. Near the thin centre electrode, 
there will be an intense field, i.ee a steep voltage 
gradient • Thus over a large part of the electron path, the 
voltage on the electron will be close to uniform. 
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Thus 	varies more slowly than dV 
	
The 'but off" radius RC 	2 
... critical flux B c is given by 
B C a 




2 	2 x 5 m 
2x 176 x 10'' 	
2) 
= 7.9 x 10 3 	(wf 2 ) 
where the arplied voltage is taken as 5 volts. 
In c.g.s units B C  = 79 gauss. 
For the "reverse" mode, where the centre filament is 
the cathode, it is easy to determine the value of V; it 
is merely the anode voltage Va . However when the forward 
mode is considered it is less c1er what value to assign to 
V. If a value for V, the cathode fall voltage, could be 
determined, this would be a reasonable figure to use. At 
any rate a maximum value for Bc is determined by using 
V = Va . 
.?rom the preceding theory it is clear that, since a 
heating current of 15 to 20 A flowed in the external electrode, 
cut-off conditions should have been operating. The possibility 
of this magnetron effect operating under the electrode 
configuration used was not considered until after the start 
of experiments. however, no "cut-off" sympto.e were ever 
noticed in any of the preliminary vacuum or later gas-filled 
characteristics. It is assumed that the field generated 
inside the test cell coil was non-uniform so that most 
electrons eventually reached the anode. It seems likely, 
however, that the effective electron path length between 
ET 
the clo© 	 oo that in all the 
eetcot 	tho current 	woulC bo roduced 
bolo tho vaiuo rredietede 
It 3 Go3ted tit in any expor "- nts on seeding 
irivo1vti 	 ionization, the effect o this 
Loat 	ecil momtia flold on ereasi 	o path length 
of the lonialrZ electz'one botmon the oiectro&cii.tht 
be ioctatcc. 
irD .. ••''•t' ' 
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